When rat fetuses grew from embryonic day (E) 18 to the day of birth (P0), the corticothalamic (CT) neurons, as identified by back labeling with 1,1#-dioctadecyl-3,3,3#,3#-tetramethylindocarbocyanine (DiI), in the somatosensory cortex underwent gradual changes in the shape of their cell bodies, in their distribution in the cortical plate and in the complexity of dendritic branching. Fluorescence immunocytochemical studies indicated that in the marginal zone (MZ) the apical dendrites of the CT neurons formed contacts with horizontally oriented axons and contained putative glutamatergic, as clusters exhibiting both synaptophysin and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor GluR1 subunit immunoreactivities, and g-aminobutyric acid (GABA)-ergic synapses, as clusters exhibiting both synaptophysin and gephyrin immunoreactivities. Quantitative analyses further revealed that during this perinatal period, the proportion of CT neurons containing glutamatergic synapses increased significantly, whereas the proportion of CT neurons containing GABAergic synapses remained virtually unchanged. Our results indicate that glutamatergic and GABAergic synapses between the CT neurons and the axons in the MZ are already formed in rat cortices as early as E18 and further suggest that the activities of the neural networks in the somatosensory cortex could be conveyed to their targets in the thalamus in rat brains at least 3 days before birth.
Introduction
The thalamus relays most of the sensory information from the outside world to the cerebral cortex, and the cerebral cortex also sends corticothalamic (CT) fibers, in numbers far exceeding what it receives from the thalamus, to the thalamus. In the adult brain, the cell bodies of most of the CT neurons reside in layers 5 and 6 of the neocortex, and the CT projections terminate at different regions of the thalamus and perform various physiological functions such as the cortical processing of sensory information Guillery 2002, 2004) , the modulation of sensory system function (Mumford 1994) , and the control of the transition of thalamocortical activities (McCormick and Bal 1997; Blumenfeld and McCormick 2000; Sherman and Guillery 2004) .
In the rat, most pyramidal neurons in the cortex are generated during the period between embryonic days (E) 13 and 19, and around the same period, the formation of the reciprocal connections between the thalamus and cortex also occurs (Lopez-Bendito and Molnar 2003) . At E13.5, CT axons start migrating out of the cerebral cortex. After a transient pause at the pallial--subpallial boundary, the CT projections track a course along a common path shared with the migrating thalamocortic fibers moving in an opposite direction. The second transient pause takes place in regions closer to the thalamus, possibly the reticular thalamus nucleus, at~E16 (Molnar and Cordery 1999) . Finally, the CT axons invade the thalamus in an ordered (rostral-to-caudal and lateral-to-medial) fashion, beginning to innervate the motor (ventral lateral and ventral anterior) and somatosensory (ventral posterior) nuclei around E18 and then the visual (lateral geniculate) and auditory (medial geniculate) nuclei around birth (Molnar and Cordery 1999; Lopez-Bendito and Molnar 2003; Jacobs et al. 2007 ). Also at around E18, the thalamocortical axons from somatosensory and visual nuclei arrive at the subplate (SP) and intermediate zone and start sending branches into the cortical plate (Catalano et al. 1996; Molnar et al. 1998; Lopez-Bendito and Molnar 2003) . Electrophysiological recording has indicated that the somatosensory cortex of the rat embryo receives active inputs from thalamus at around E18--E19 (Higashi et al. 2002; Molnar et al. 2003) . It is however unclear if the somatosensory CT projections are also functional at the same developmental stage.
Here, we used a carbocyanine dye, 1,1#-dioctadecyl-3,3,3#,3#-tetramethylindocarbocyanine (DiI), to retrogradely label the CT neurons in the presumptive somatosensory cortices of developing rat brains and studied the rat CT neurons' morphological changes between E18 and the day of birth (P0). Carbocyanine dyes, which are lipophilic, are capable of incorporating in the plasma membrane and spreading throughout the cell (Sims et al. 1974; Fahey et al. 1977; Schlessinger et al. 1977; Klausner and Wolf 1980; Jacobson et al. 1981) in both live and fixed samples (Honig and Hume 1986) . They have been used for smooth and clear staining of cells and their processes in fixed embryonic brain tissues (Godement et al. 1987; Agmon and Connors 1991; Agmon et al. 1993) . The results obtained here indicated that the morphology of CT neurons undergoes significant changes in rat brains between E18 and P0.
We further employed fluorescence immunocytochemical techniques to investigate how the apical dendrites of the CT neurons might interact with the axons in the marginal zone (MZ) and if putative synapses were made on the CT neurons' apical dendrites in the same area. The result indicated that the apical dendrites of CT neurons in E18, E20, and P0 cortices formed contacts with axons of both c-aminobutyric acid (GABA)-ergic and non-GABAergic origin in the MZ. The results also indicated the presence of clusters exhibiting the immunoreactivities of both synaptophysin, a marker of presynaptic terminals, and gephyrin, a postsynaptic marker of GABAergic synapses, and clusters exhibiting the immunoreactivities of both synaptophysin and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunit 1 (GluR1), a postsynaptic marker of glutamatergic synapses, on the apical dendrites of the CT neurons in the MZ of E18, E20, and P0 rats. The results thus raise the possibility that the CT neurons in rat brains start receiving depolarizing synaptic inputs from the remaining parts of the cortex as early as at E18.
Materials and Methods
The SlowFade Light Antifade Kit and DiI were obtained from Molecular Probes (Invitrogen). The mouse monoclonal antibody against synaptophysin (#NCL-L-SYNAP-299) was obtained from Leica. Mouse monoclonal anti-Pan-Neurofilament antibody (SMI312, #SMI-312R) was purchased from Covance. Rabbit polyclonal anti-GABA (#AB131) and anti-GluR1 (#AB1504) antibodies were purchased from Chemicon. Rat monoclonal anti-Ctip2 (#AB18465), rabbit polyclonal anti-Ctip2 (#AB28448), rabbit polyclonal anti-Foxp2 (#AB16046), rabbit polyclonal anti-GABA A Rb3 (#AB4046), and rabbit polyclonal anti-gephyrin (#AB32206) antibodies were purchased from Abcam. DyLight 488--conjugated goat anti-mouse immunoglobulin G (IgG) antibody Cy5-conjugated goat anti-rabbit IgG antibody and DyLight 488-conjugated goat anti-rat IgG antibody were purchased from Jackson ImmunoResearch. 4#,6-Diamidino-2-phenylindole dihydrochloride (DAPI) was purchased from Sigma. Glutaraldehyde (25%) was purchased from Electron Microscopy Science. Paraformaldehyde and other reagent were obtained from Merck-Schuchardt.
DiI Retrograde Labeling
Pregnant Sprague-Dawley rats were purchased from BioLASCO Taiwan Co. Ltd. All animal experiments were approved by the Animal Care and Use Committee of National Tsing Hua University at Hsinchu, Taiwan. Rat fetuses at E18 and E20 were obtained from pregnant rats that had been anesthetized by zoletil 50 (200 mg zoletil per kg rat; VIRBAC Laboratories). The brains of E18 and E20 fetuses and P0 pups (within 24 h of birth) were removed and fixed in 4% paraformaldehyde, 4% sucrose, and 0.25% glutaraldehyde in phosphate buffered saline (PBS, pH 7.4) at 4°C overnight. The brains to be immunostained with rat monoclonal Ctip2 antibody and with rabbit polyclonal Foxp2 antibody were fixed by 4% paraformaldehyde and 4% sucrose in PBS at 4°C overnight. The fixed brains were then transected along a plane at 45% to the brain base (see Fig. 1A ) at 2600, 3700, and 5000 lm from the anterior tip of the E18, E20, and P0 brains, respectively, by a vibratome (1000 Classic; Warner Instruments). Crystals (0.1--0.3 mm in diameter) of DiI were placed on the tip of a glass micropipette and then inserted into the ventral posterior (VP) complex (containing the ventral posterolateral [VPL] and ventral posteromedial [VPM] thalamic nuclei) in the anterior half of brain (indicated by dark spots in Fig. 1A ,B) according to the procedures reported earlier (Godement et al. 1987; Agmon and Connors 1991) and the published atlas of the prenatal rat brain (Altman and Bayer 1995; Foster 1998) . It took 7 days, 10--12 days, and 12--14 days for the DiI to diffuse into the cortex region of the E18, E20, and P0 brains at room temperature, respectively. After DiI had reached the cortex region, the brains were further cut along the transected plane into 70-lm thick slices.
Immunohistochemistry
Some of the cortical slices obtained by the procedures as described above were subjected to double immunostaining by incubating with the mouse monoclonal SMI312 antibody (1:1000 dilution) together with rabbit polyclonal anti-GABA antibody (1:200 dilution) at 4°C overnight. Some slices were subjected to double immunostaining with mouse monoclonal anti-synaptophysin antibody (1:150 dilution) together with rabbit polyclonal anti-AMPA receptor GluR1 (1:200 dilution), anti-gephyrin (1:250 dilution), or anti-GABA A receptor beta 3 (GABA A Rb3, 1:200 dilution) antibody at 4°C for 48 to 72 h. E18 and E20 slices were immunostained with rat monoclonal anti-Ctip2 antibody (1:500 dilution) at 4°C for 24 h. P0 slices were immunostained with rabbit polyclonal anti-Ctip2 antibody (1:1000 dilution) at 4°C for 16 h. E18, E20, and P0 slices were also immunostained with rabbit polyclonal anti-Foxp2 antibody (1:1000 dilution) at 4°C for 16 h. After washing with PBS 3 times, the slices were incubated with combinations of DyLight 488--conjugated goat anti-mouse IgG antibody (1:200 dilution), Cy5-conjugated goat anti-rabbit IgG antibody (1:200 dilution) and DyLight 488--conjugated goat anti-rat IgG antibody (1:200 dilution) at room temperature for 4 h. After washing with PBS, the sections were sealed under glass coverslips in SlowFade Light Antifade Kit and observed by confocal microscopy. To label nuclei in the cortical slices, DAPI (10 lg/ml in PBS) was added to the SlowFade solution. The brains dissected from E18, E20, and P0 rats were transected at 2600, 3700, and 5000 lm, respectively, from the brain tip and through a plane (the black oblique line) at 45% to the base of the brain (the dotted line). Right panel: the resulting anterior half of the brain. DiI crystals were inserted into the ventral posterior complex of the thalamus (black spots) in the anterior half of the brain. (B) An image of the area enclosed by the black square in the right panel of (A) at higher magnification. The black region as labeled by a white asterisk is the DiI inserting site. After the DiI diffused to the cortex resulting in retrograde labeling of the CT neurons, the anterior part of brain was further cut along the transecting plane into 70-lm slices, which were examined under confocal microscopy. (C) A bright-field photograph of the slice obtained by the above cutting procedure from an E18 brain. (D) A fluorescence image of the same brain section shown in (C) showing the DiI-labeled thalamus, interconnections between the cortex and thalamus and the DiI--back-labeled CT neurons in the presumptive somatosensory area of the developing neocortex. (E) A fluorescence image of the area enclosed by the white square in (D) at higher magnification. (F) A closer view of the DiI--back-labeled CT neurons in the area enclosed by the white square in (E). PF, parafascicular thalamic nucleus; MD, mediodorsal thalamic nucleus; Po, posterior thalamic nuclear group;DLG, dorsolateral geniculate nucleus; VLG, ventrolateral geniculate nucleus; Rt, reticular thalamic nucleus; Ctx, cerebral cortex; Th, thalamus. Scale bars: 500 lm in (B--D); 200 lm in (E); and 100 lm in (F).
Confocal Imaging and Data Analysis
The images were obtained by confocal laser scanning microscopy (LSM 510 or LSM 5 PASCAL; Carl Zeiss, Inc.). Optical sections of slices were taken using 310 (0.5 NA) and 320 (0.75 NA) dry objectives and 363 (1.4 NA) oil immersion objective on the LSM 510 and 310 (0.5 NA) and 320 (0.5 NA) dry objectives and 363 (1.2 NA) water immersion objective on the LSM 5 PASCAL. High-resolution images collected with the 363 objectives and an optimal pinhole aperture were used for colocalization analyses. In this study, processes longer than 6 lm on the dendrites were regarded as branches and those shorter than 6 lm were regarded as dendritic spines. Data were analyzed by Student's t-test. The contrast and brightness of the images were adjusted using the software Ulead PhotoImpact 10.0.0.1 or Adobe Photoshop software (Adobe Systems, Inc.).
Quantification of the Putative Synapses on CT Neurons
Putative glutamatergic and GABAergic synapses on CT neurons were, respectively, defined as the regions with a size of 0.3--0.5 lm in diameter, where synaptophysin, a presynaptic marker, colocalized with GluR1, a postsynaptic marker of glutamatergic synapses and where synaptophysin colocalized with gephyrin or GABA A Rb3, postsynaptic markers of GABAergic synapses, on CT neurons (as indicated by DiI labeling).
The densities of putative synapses on the dendrites of CT neurons, called the CT dendrites henceforth, in the MZ and the densities of putative synapses in the MZ region excluding the area occupied by CT dendrites were calculated as following. The MZ in the E18, E20, and P0 cortical slices were defined here as the cortical regions within the depth of 30, 40, and 50 lm from pial surface, respectively. In the MZ, the total number of putative synapses on the CT dendrites was calculated by summing the putative synapses on the CT dendrites found in every image of a series of Z-section images. The DiI-labeled images in these Z sections were projected to the top-most section to make a one-plane image, and the DiI-labeled area in this latter image was calculated by using LSM browser software and referred to as the projected CT dendrite area. Since the thickness of the optical sections was bigger than the set interval between consecutive sections in Zsection experiments, the projected CT dendrite area was used here instead of the sum of the CT dendrite areas in all Z-section images to avoid overestimation. However, the projected CT dendrite area was most likely smaller than the real CT dendrite area because the latter was at an angle from the xy plane in which the former lay. Since the total thickness of a series of Z-section images photographed here was less than 10 lm and the thickness of the MZ was between 30 and 50 lm, the difference between the areas of the projected and actual CT dendrite was calculated to be less than 5% of the latter area. The density of putative synapses in the dendrites of CT neurons in the MZ was then calculated here by dividing the number of summed putative synapses on CT dendrites by the projected CT dendrite area without any correction.
For calculating the density of putative synapses on cellular structures excluding the CT dendrites in the MZ, an image was chosen from a series of Z-section images. A rectangular region (~1500--2000 lm 2 ) in this image was then chosen. The area of this region not occupied by DiI-labeled CT dendrites or by nuclei (as labeled by DAPI) was calculated. The number of putative synapses found in the CT dendriteand nucleus-excluded area of this rectangular region was also calculated. The density of putative synapses in the CT dendrite--excluded MZ was then calculated by dividing the resultant number of putative synapses by the size of the CT dendrite-and nucleus-excluded area.
For calculating the densities of putative synapses on the cellular structures in the MZ of cortical slices, freshly prepared from rats at E18, E20 and P0, a rectangular region (~1500--2000 lm 2 ) in the MZ of each of these slices was chosen. The area in this region not occupied by nuclei (as labeled by DAPI) was first calculated. Putative synapses in the nucleus-excluded area of this region were identified. The density of putative synapses in the MZ was then calculated by dividing the number of putative synapses found in the nucleus-excluded area by the area size.
Results

DiI Labeling of Corticothalamic Neurons
Using the procedures described in the Materials and Methods, numerous nerve fibers in the intermediate zone/SP beneath the cortical plate in E18 rat brains were labeled by the DiI dye that had been originally placed in the VP regions of the thalamus a week earlier (Fig. 1C,D) . A number of DiI--back-labeled CT neurons were also found in the cortical plate in the presumptive somatosensory region (Fig. 1E,F) . These observations are consistent with the earlier findings that reciprocal connections between the cortex and the thalamus have already been established at E18 (Lopez-Bendito and Molnar 2003) . By the same procedure, CT neurons in the cortical plate of E20 and P0 cortices could also be back labeled by DiI.
Morphological Changes of CT Neurons during Perinatal Development
The cell bodies and dendrites of DiI--back-labeled CT neurons in E18, E20, and P0 cortical slices were examined by confocal microscopy. At E18, the CT neurons had an oval body ( Fig. 2A1--A3) . Each neuron had an apical dendrite, and the apical dendrites of most of the CT neurons (52 out of 59 cells) ended and branched in the MZ with 2--3 primary branches (summarized in Fig. 2J ). Most of these CT neurons did not have basilar dendrites, as protrusions emitting from the cell body and with a length longer than 6 lm, and the average number of basilar dendrites per CT neuron at this stage was only 0.04 (Fig.  2K ). At E20, most CT neurons had a pyramid-shaped cell body, an apical dendrite with about 5 primary branches in the MZ and about 0.5 basilar dendrites (Fig. 2D--F,J,K) . On the day of birth (P0), the CT neurons had a pyramidal-shaped cell body, an apical dendrite with about 6 primary branches in the MZ and significantly more basilar dendrites, 2.52 per cell on average, than those at E18 and E20 (Fig. 2G--K) . The above results indicated that the CT neurons mature after their axons have reached the thalamus. Our results also indicated that the apical dendrites in developing cortical neurons are formed earlier than their basilar dendrites.
Interactions between the Apical Dendrites of CT Neurons and Axons in the MZ
The MZ of embryonic cortices has been reported to contain axons originated from the Cajal--Retzius (CR) cells and GABAergic non-CR cells residing in the MZ (Marin-Padilla 1985 Meyer et al. 1998; Parnavelas 2000; Nakajima 2007) and neurons residing in other brain regions (Rickmann et al. 1977) . We examined if the apical dendrites of CT neurons could form contacts with the axons in the MZ. The E18, E20, and P0 cortical slices containing DiI--back-labeled CT neurons were immunostained with the SMI312 antibody (for labeling axons) and subsequently labeled with DAPI. Numerous horizontally oriented SMI312-positive processes, presumably axons, were found in the MZ. Some SMI312-positive processes were also found in the lower part of the cortical plate (Fig. 3A1,B1,C1 ). The MZ in E18, E20, and P0 slices were about 30, 40, and 50 lm, respectively, in thickness (Fig. 3A--C) . The upper half of the MZ appeared to contain more cell bodies (as stained by DAPI) than the lower half, whereas the lower half of the MZ contained more SMI312-positive processes than the upper half (Fig. 3A--C) . E18, E20, and P0 cortical slices containing DiI--back-labeled CT neurons were also subjected to double fluorescence immunostaining using the SMI312 antibody and the anti-GABA antibody. Both axons of GABAergic origin (GABA-positive/SMI312-positive processes, indicated by arrows in Fig. 3D ,J,L) and axons of non-GABAergic origin (GABA-negative/SMI312-positive processes, indicated by arrowheads in Fig. 3D ,J,L) were found in the MZ of these slices. Colocalizations of the apical dendrites of CT neurons with nonGABAergic axons (indicated by yellow arrowheads in Fig. 3F ,G,J,K,N,O) and with GABAergic axons (indicated by yellow arrows in Fig. 3D ,E,H,I,L,M) in E18, E20, and P0 slices in the MZ were also found. These results indicated that the apical dendrites of CT neurons in E18, E20, and P0 cortices formed contacts with axons of both GABAergic and non-GABAergic origin in the MZ.
Putative Synapses Formed on the Apical Dendrites of CT Neurons in Neonatal Rats
Since the apical dendrites of CT neurons could form contacts with the axons in the MZ of neonatal rat cortices, we next examined if synapses were also made on the apical dendrites of CT neurons in the MZ of these cortices. E18, E20, and P0 cortical slices containing DiI--back-labeled CT neurons were doubly fluorescence immunostained with the antibodies against GluR1 (a postsynaptic marker of glutamatergic synapses) and synaptophysin (a presynaptic marker) (Fig. 4) . The results indicated that the dendrites of CT neurons in the E18, E20, and P0 cortical slices contained GluR1-positive clusters colocalizing with clusters positively stained by synaptophysin antibody (immunostained slices of E18 fetuses and P0 pups were shown in Fig. 4 as examples) . The colocalization of these clusters was further confirmed by that these clusters overlapped to one another in the orthogonal views produced by the stacked images (Figs. 4D,I ). Cortical slices containing DiI--back-labeled CT neurons were also doubly fluorescence immunostained with the antibodies to synaptophysin and gephyrin (a postsynaptic marker of GABAergic synapses as reported by Essrich et al. 1998 ). The results indicated that in E18, E20, and P0 slices, the dendrites of CT neurons also contained synaptophysinpositive clusters colocalizing with clusters positively stained with anti-gephyrin antibody (the results from immunostained E18 and E20 slices were shown here as examples in Fig. 5 and Fig. 6A--E, respectively) . The colocalization of these synaptophysin-positive and gephyrin-positive clusters on CT neuron dendrites was further confirmed by that these clusters overlapped to one another in the orthogonal views (Figs. 5D  and 6D ). Putative GABAergic synapses were also identified as colocalizing synaptophysin-and GABA A Rb3 (another postsynaptic marker of GABAergic synapses)-positive clusters in cortical slices. Clear GABA A Rb3-positive clusters were found in E18 and E20 slices, but not in P0 slices. GABA A Rb3-positive clusters colocalizing with synaptophysin-positive ones were again observed in the E18 and E20 slices (the result from immunostained E20 slices was shown in Fig. 6F--M as an  example) . Together, the results suggested the presence of putative glutamatergic synapses, as indicated by colocalizing GluR1-positive and synaptophysin-positive clusters, and putative GABAergic synapses, as indicated by colocalizing synaptophysin-positive and gephyrin (or GABA A Rb3)-positive clusters, on the dendrites of CT neurons in the somatosensory cortex of rat fetus as young as at E18. Furthermore, in most of these putative synapses, the size of the synaptophysin-positive clusters was larger than the size of the postsynaptic GluR1-, gephyrin-, or GABA A Rb3-positive clusters (Figs. 4C,H and 6D,K). The diameters of the GluR1-, gephyrin-, and GABA A Rb3-positive clusters of these putative synapses were between 0.3 and 0.5 lm (Figs. 4C4,H4 , 5C4, and 6C4,H4,K4), similar to the size of the synapses found in the somatosensory cortex of P5 rats (Micheva and Beaulieu 1996) .
Quantitative Analyses of CT Neurons Containing Glutamatergic and GABAergic Synapses
The above-described glutamatergic and GABAergic synapses on the apical dendrites of DiI--back-labeled CT neurons were all found on apical dendrites' branches in the MZ. It was further found that at E18, the proportion of CT neurons containing putative glutamatergic synapses on the apical dendrites was similar to the proportion of CT neurons containing putative GABAergic synapses on their apical dendrites (Fig. 7A,B) . The proportion of CT neurons containing putative glutamatergic synapses increased from 21.2 ± 20.9% in E18 slices to 63.3 ± 15.3% in P0 slices (Fig. 7A) . On the other hand, the proportion of CT neurons containing putative GABAergic synapses remained between 20% and 40% during the same period (Fig. 7B) . In E18 and E20 cortical slices, the proportions of CT neurons containing putative GABAergic synapses as identified by using anti-gephyrin antibody agreed well with those values obtained from experiments where anti-GABA A Rb3 antibody was used (Fig. 7B) . This latter observation indicated that both gephyrin and GABA A Rb3 were useful markers for GABAergic synapses in developing neocortex of rat embryos.
The MZ in cortical slices was further separated into 2 regions, one occupied exclusively by CT dendrites and the other occupied by cellular structures other than the CT dendrites. The densities of glutamatergic and GABAergic synapses in these 2 MZ regions in the E18, E20, and P0 slices were quantified separately according to the procedures as described in Materials and Methods. The results indicated that the density of glutamatergic synapse on the apical dendrites of CT neurons increased from 5.0 ± 0.4 to 13.7 ± 5.0 per 1000 lm 2 when rat fetus grew from E18 to E20 and did not change between E20 and P0. The density of glutamatergic synapses on the cellular structures other than CT dendrites in the MZ underwent an increase from 2.7 ± 0.3 to 4.9 ± 0.2 per 1000 lm 2 between E18 and E20 and did not change any more between E20 and P0 (Fig. 7C) . On the other hand, the densities of GABAergic synapses on the apical dendrites of CT neurons and in the MZ region occupied by cellular structures other than CT dendrites did not change significantly between E18 and P0 (Fig. 7D) .
The same analyses as described above were also performed with the cortical slices prepared from E18 and E20 fetuses and P0 pups without being subjected to weeks-long DiI-backlabeling experiments. The densities of the glutamatergic and GABAergic synapses in the MZ of these cortical slices resembled closely the densities of their counterparts, respectively, in the MZ region occupied by cellular structures other than CT dendrites. This latter result indicated that the process of the DiI-back-labeling experiments did not significantly alter the results obtained from immunocytochemical experiments wherein the antibodies to synaptophysin, GluR1 and gephyrin were used.
In all cortical slices, the densities of glutamatergic and GABAergic synapses on the apical dendrites of CT neurons were higher than their counterparts in regions occupied by other cellular structures. This is likely due to that the region referred to as that occupied ''other cellular structures'' contain parts of neurons at different stages of maturation as well as other types of cells, such as glial cells. Since synapses are made primarily on neurons and probably more on mature neurons, the densities of synapses in the ''other cellular structures'' region will be lower than those found on CT dendrites. Expression of Ctip2 and Foxp2 and Distribution of the Cell Bodies of DiI--back-labeled CT Neurons in the Cortical Plate Cortical slices of E18, E20, and P0 rats containing DiI--backlabeled CT neurons were immunostained with the antibodies to Ctip2 and Foxp2, specific markers for layer 5 and layer 6 (Ferland et al. 2003; Leid et al. 2004; Arlotta et al. 2005; Molyneaux et al. 2007 ), respectively. Here, the cortical plates in these slices were divided into 3 equal parts. Numerous Ctip2-positive cells were found to reside primarily in the middle and lower parts of the cortical plate of E18 slices (Fig. 8A2 ) and almost exclusively in the middle part of the cortical plate of E20 and P0 slices (Fig. 8B2,D2) . No anti-Foxp2 immunoreactivity was detected in the cortical plate of E18 fetuses. Foxp2-positive cells were found primarily in the middle and lower parts of E20 slices (Fig. 8C2 ) and in the middle part of the cortical plate of P0 slices (Fig. 8E2) .
At E18 and E20, the cell bodies of CT neurons were found in all 3 parts with the middle part containing the most CT neurons. However, at P0, only 3.8% of cell bodies of CT neurons resided in upper cortical layer (Fig. 8F) . Analyses of the CT neurons exhibiting glutamatergic or GABAergic synapses, however, indicated a continuous increase in the proportion of these neurons in the middle part and concomitant decreases in the proportions of the CT neurons in the remaining 2 parts of the cortical plate during the period between E18 and P0 (Fig. 8G) . In the cortical plate of E18, E20, and P0 slices, 23.3% (7 of 30), 23.3% (7/30), and 56.7% (17/30) of DiI--back-labeled CT neurons were also Ctip2-positive, respectively. In the cortical plate of E20 and P0 slices, 36.8% (7 of 19) and 34.4% (11/32) of DiI--back-labeled CT neurons were Foxp2 positive. The results indicated that the axons of some layer 5 CT neurons already entered the thalamus as early as E18. However, due to that antiFoxp2 antibody could not stain any cells in the cortical plate of E18 slices, it remained uncertain if any layer 6 CT neurons also entered the thalamus at E18.
Discussion
Here, we retrogradely labeled CT neurons in the cerebral cortices of rat fetuses at E18 and E20 and pups at P0 with fluorescent DiI dye, and the morphological changes of these The densities of glutamatergic synapses and GABAergic synapses, respectively, on the apical dendrites of the CT neurons, on the cellular structures in the MZ excluding CT dendrites and on cells in the MZ of freshly fixed cortical slices prepared from rats between E18 and P0. Data are the means ± standard deviation from 3 independent experiments for rats at the indicated age. In experiments wherein the DiI--back-labeled CT neurons were studied, the CT neurons in cortical slices prepared from 2 to 3 rats of the same littermate were used in each independent experiment. When the freshly fixed slices were studied, slices prepared from one rat were used in each independent experiment. The 3 numbers in parenthesis are the numbers of the CT neurons subjected to analyses in 3 independent experiments. *P \ 0.05 versus the E18 slices (unpaired Student's t-test); # P \ 0.05 versus the CT neurons at the same age (paired Student's t-test).
DiI--back-labeled CT neurons were studied. By means of fluorescence immunocytochemistry, the formation of synaptic connections between the DiI--back-labeled CT neurons and the axons in the MZ during the perinatal period was also investigated. The results indicate that the CT neurons at E18 have an immature morphology with an oval cell body, very few or no basilar dendrites and an apical dendrite exhibiting 2 or 3 primary branches in the MZ. As development progresses, the CT neurons at P0 have a pyramidal cell body, emit 2 or 3 basilar dendrites from each of their cell bodies, and each has an apical dendrite that branch elaborately in the MZ, resembling closely the morphology of DiI--back-labeled CT neurons in layer 5 of the cortices of rats at E20 and P0 (Koester and O'Leary 1992) and that of DiI--back-labeled CT neurons in the somatosensory cortex of mice at P7 (Deng and Elberger 2003) . Neurons resembling the CT neurons in E18, E20, and P0 cortices as described here in terms of the morphology have also been found in the somatosensory cortex of rat embryos by the Golgi method (Valverde et al. 1989) . Many pyramidal cells in the cortical plate of rat at P1 have been reported to have an immature appearance; that is, they lack basilar dendrites and exhibit an oval cell body (Kristt 1978; Luhmann et al. 2003) . These observations thus indicate that CT neurons are in a more mature morphology at P0. This conclusion is consistent with the hypothesis that CT neurons are among the earliest waves of neurons that become postmitotic, migrate out from the ventricular zone, and form the cortical plate (Goffinet et al. 1986; Rakic 1988; Super et al. 1998) . Also consistent with this conclusion is that the distribution of the cell bodies of the CT neurons in the cortical plate was found to undergo a shift Figure 8 . Expression of Ctip2 and Foxp2 and distribution of the cell bodies of DiI--back-labeled CT neurons in the cortical plate. (A, B, D) The E18, E20, and P0 cortical slices containing DiI--back-labeled CT neurons (red) were immunostained with Ctip2 antibody (a specific marker for layer 5, green) and labeled with DAPI (a nucleus marker, blue). A1, B1, and D1 are color merges of CT neurons (red) and DAPI-labeled nuclei (blue). A2, B2, and D2 are color merges of CT neurons (red) and Ctip2-labeled neurons (green). Arrows indicate the Ctip2-positive CT neurons. The CP was divided into 3 equal parts, respectively, labeled as UCP, MCP, and LCP. White dotted lines are borders between MZ and UCP, between UCP and MCP, and between MCP and LCP. (C, E) The E20 and P0 cortical slices containing DiI--back-labeled CT neurons (red) were immunostained with Foxp2 antibody (a specific marker for layer 6, green) and labeled with DAPI (a nucleus marker, blue). C1 and E1 are color merges of CT neurons (red) and DAPI-labeled nuclei (blue). C2 and E2 are color merges of CT neurons (red) and Foxp2-labeled neurons (green). Arrows indicate the Foxp2-positive CT neurons. (F) The proportions (in percentage) of the cell bodies of 84, 77, and 53 DiI--back-labeled CT neurons residing in each of the 3 parts of the cortical plate at E18, E20, and P0, respectively, were calculated. (G) The proportions of the cell bodies of 8, 20, and 13 CT neurons containing glutamatergic or GABAergic synapses residing in the upper, middle, and lower CP at E18, E20, and P0, respectively, were calculated. CB, cell body; CP, cortical plat; UCP, upper cortical plate; MCP, middle cortical plate; LCP, lower cortical plate. Scale bar: 50 lm in (A) and 100 lm in (B--E).
toward the lower two-thirds of the cortical plate between E18 and P0. DiI--back-labeled CT neurons exhibiting the immunoreactivity with a layer 5--specific marker, Ctip2, were detected as early as E18, and CT neurons exhibiting immunoreactivity with a layer 6--specific marker, Foxp2, were also detected in E20 and P0 slices. In P0 slices, 57% and 34% of DiI--back-labeled CT neurons were Ctip2-and Foxp2 positive, respectively, indicating that the majority of the CT neurons that have already reached their thalamic targets at P0 are layer 5 and layer 6 neurons. The results are consistent with an earlier report, indicating that the CT neurons in the somatosensory cortex of adult rat are primarily confined to layers 5 and 6 (Killackey and Sherman 2003) . The majority of DiI--back-labeled CT neurons were found to reside in the cortical plate of E18, E20, and P0 slices with only <2% of DiI--back-labeled CT neurons being found in the SP and layer 6b regions beneath the cortical plate. This latter observation agrees with an earlier report that very few if any SP axons enter the thalamus in embryonic rat (Molnar and Cordery 1999) .
Our results indicate that numerous axons of GABAergic and non-GABAergic origin reside in the lower part of the MZ. These axons may have diverse origins. The MZ in immature rat cortex consists of various different types of cells, including CR cells and migratory interneurons (Meyer et al. 1998; Parnavelas 2000; Nakajima 2007 ). The axons and collaterals of CR cells have been reported to form extensive, horizontally oriented plexuses within the MZ, whereas the axons of the migratory interneurons may descend into the cortical plate (Rickmann et al. 1977; Marin-Padilla 1998) . Axons originated from caudal thalamus, neocortex, and paleopallium have also been found in the MZ of rat fetuses at E17 (Rickmann et al. 1977) . Here, we found that the axons in the MZ form close associations with the apical dendrites of the CT neurons in E18, E20, and P0 cortical slices. Double fluorescence immunocytochemical studies indicate the presence of clusters exhibiting synaptophysin immunoreactivity on the apical dendrites of CT neurons that colocalize with GluR1-, gephyrin-, and GABA A Rb3-positive clusters. The colocalization of these immunostained clusters has been further validated by their overlapping to one another in the orthogonal views produced by the stacked images. The closely apposed localization of clusters containing synaptophysin, a presynaptic marker, with clusters containing GluR1 and gephyrin (or GABA A Rb3), postsynaptic markers, strongly suggest the presence of functional glutamatergic and GABAergic synapses on the apical dendritic branches of the CT neurons in E18, E20, and P0 cortices. This conclusion is consistent with earlier electron microscopic studies that demonstrate the presence of well-defined axonodendritic and axonosomatic synapses in the MZ of rat fetuses at E16 for the first time (Konig et al. 1975; Rickmann et al. 1977; Balslev et al. 1996) . Functional GABA A receptors and glutamate receptors have been detected by electrophysiological means in cortical progenitor and cortical plate cells in rat fetuses (LoTurco et al. 1995; Owens et al. 1996; Luhmann et al. 1999) . The cortical neurons in rat fetuses have been reported to exhibit a rather high membrane input resistance, between 800 MX and 3 GX (LoTurco et al. 1991; Luhmann et al. 1999 ) and be able to generate action potentials as early as E18 (LoTurco et al. 1991; Luhmann et al. 1999) . The excitatory postsynaptic currents of newly formed synapses on cultured E18 rat cortical neurons have been reported to be around 20 pA (Lin et al. 2002) . Therefore, it is likely that the postsynaptic potentials mediated by the synapses on the apical dendrites of CT neurons in perinatal rats could efficiently depolarize the membrane potential of CT neurons to the above threshold, thereby generating action potentials. It is further speculated that the resultant action potentials could propagate along the CT projections toward their targets in the thalamus.
Most of the principle pyramidal cells of the cortex send their apical dendrites into the MZ early in their maturation process (Marin-Padilla 1998) . It has been suggested that the apical dendrites of immature pyramidal cells in the cortical plate may interact with the cells in the MZ and form a transient cortical network that could serve as a template for developing cortical circuits and columns (Luhmann et al. 2003) . Here, our anatomical results indicate that axons of both GABAergic and nonGABAergic origin in the MZ form synapses on the apical dendrites of the CT neurons in the cortices of perinatal rats. Our observations thus raise the possibility that the activities of the developing cortex could be transmitted to the thalamus by way of CT neurons and their axons in perinatal rat brains. This possibility needs to be verified in the future. By optical recording of a somatosensory thalamocortical slice preparation, it has been found that electric stimulation at the thalamus is able to elicit depolarization at the SP region of E18--E19 rat brains and also in the deep cortical layers at E21 and P1 (Higashi et al. 2002; Molnar et al. 2003; Zhao et al. 2009 ). If and how the early thalamocortical connectivity and CT connectivity may contribute to the establishment and refinement of the long-range connectivity between cortex and thalamus in the adult brain will also be interesting to study in the future.
